We have previously found that Rous sarcoma virus variants in which the viral src (v-src) gene is replaced by the cellular src (c-src) gene have no transforming activity. In this study, we analyzed the basis for the inability of the p60csrc overproduced by these variants to transform cells. Phosphorylations of tyrosine residues in total cell protein or in cellular 34K protein are known to be markedly enhanced upon infection with wild-type Rous sarcoma virus. We found that these tyrosine phosphorylations were only slightly increased in the c-src-containing virus-infected cells, whereas both levels were significantly increased by infection with wild-type Rous sarcoma virus, or transforming mutant viruses which are derived from c-src-containing viruses by spontaneous mutation. Phosphorylation at tyrosine 416 of p60 itself was also extremely low in overproduced p60c-src and high in p60s of transforming mutant viruses. In immunoprecipitates with monoclonal antibody, the overproduced p60jcsrc had much lower casein tyrosine kinase activity than did p60v-src. We previously showed that p60 myristylation and plasma membrane localization may be required for cell transformation. p60csrc was similar to transforming p6Os in these properties. These results strongly suggest that the low level of tyrosine phosphorylation by overproduced p6o-src accounts for its inability to transform cells.
kinase expressed at a low level in normal cells (32, 38) . Previously, Hanafusa and co-workers found that RSV variants in which the v-src gene is entirely replaced with the chicken c-src gene are unable to transform cells, although they induce overproduction of p60csrc (27, 30) . However, variants in which v-src is partially replaced with c-src are active in transformation. Transforming viruses were generated from the nontransforming c-src-containing viruses at a high frequency (30) . Therefore, p60csrc has critical structural differences from p60v-src, accounting for its lack of transforming activity. The inability of overproduced chicken p60csr( to transform mammalian cell lines was demonstrated by Parker et al. (40) and Shalloway et al. (50) .
In this paper we examine subcellular localization and tyrosine kinase activity of various p6Os, to try to find a basis for the inability of p60c-r( to transform cells.
MATERIALS AND METHODS
Virus strains and infection. The virus strains used here were replication-competent RSV variants described by Han- afusa and co-workers (27, 30) . Their p60 structures are shown in Fig. 1 . Secondary cultures of chicken embryo fibroblasts (CEF) were infected with viruses, kept under soft agar medium (0.4% agar), and transferred once to achieve full infection before biochemical analyses.
Isolation of transforming mutants from NYHB5 and NY501. Several plates of CEF were infected with low titers of NYHB5 or NY501, and each culture was passaged several times under soft agar medium. Cells in each culture were then seeded in agar medium for colony formation, to select individual cells infected with transforming mutants. Several * Corresponding author. colonies originating from separate cultures were isolated, and virus was recovered from each colony after transformed cells were grown in monolayer culture. These virus stocks had high titers of focus formation. Four isolates, NYHB5-T8 and NYHB5-T9 (derived from NYHB5) and NY501-T7 and NY501-T9 (derived from NY501), were analyzed in this report.
Labeling conditions. Labeling conditions were as described previously (17, 18) . Pulse-chase analysis for p60 half-life determination was performed with a 1-h labeling with [35S]methionine, followed by washing and further incubation in complete medium with cold methionine.
Cell fractionation. Cell fractionation procedures were described previously (17) . Crude membrane fractions were floated on a discontinuous sucrose gradient as previously described (17) , except that the gradient contained fewer steps: the P100 fraction was resuspended in 40% sucrose, underlaid with 50% sucrose, and overlaid with 35 and 20% sucrose. Membrane fractions were collected from gradient interfaces: 20/35% (light), which is enriched for plasma membranes, 35/40% (intermediate), and 40/50% (heavy) sucrose interface, which is enriched for rough endoplasmic reticulum, Golgi, and mitochondrial membranes (15) .
Antisera. Anti-34,000-molecular-weight (34K) protein antiserum was supplied by R. Erikson. For the immunoprecipitation of p6Os, monoclonal antibodies 273 and 327 and a tumor-bearing rabbit serum (TBR serum) (supplied by J. Brugge), monoclonal antibodies EC10, FG1, and GD11 (supplied by T. Parsons), and anti-p60 serum raised against p60 produced in Escherichia coli (supplied by R. Erikson) were used. All of the anti-p6Os were cross-reactive to p60c-sr (25, 35, 41) .
Cell lysis and immunoprecipitation. Cultures were washed with isotonic buffer and lysed as described previously (43) Ci/mmol) with 5 ,ug of casein and incubated at 4°C for 40 min. Similar results were obtained with incubation at 22°C for 10 min. The reaction was stopped by the addition of sodium dodecyl sulfate (SDS) sample buffer.
Protein analysis. Labeled proteins were analyzed by SDSpolyacrylamide gel electrophoresis as described previously (31) , and protein bands were detected by autoradiography or fluorography. The quantitation of radioactivity was as described (43) . V8 and tryptic digestion of p6Os were essentially as reported previously (31) . The levels of phosphoamino acids in cellular proteins were determined as described previously (11, 29, 53) .
with the RSV variants. Fully infected CEF were labeled with [3H]leucine for 4 h, and p6Os were immunoprecipitated with monoclonal antibody 327, which reacts with p60vsrc and p60c-rc (35) . Since the labeling time of 4 h is shorter than the half-life of p6Os (see below), the amount of radioactive p60 is almost proportional to its synthetic rate. The labeling of p60 was similar among the variants (Fig. 2) . The radioactivity of each p60 was 0.06 to 0.09% of the radioactivity in the total lysate, except for the NY701 p60, which was less efficiently labeled (0.03 to 0.04%). Four spontaneous transforming mutants induced similar levels of p60 production to those of their parental viruses NYHB5 or NY501, indicating that the transforming activity of these mutants is not due to changes in the level of p60 expression.
We examined the half-lives of the NYN4 p60v-src and the NY501 p60c-src by pulse-chase analysis (Fig. 3) . The half-life of total cellular protein (22 h ) was identical in cultures infected with NYN4 and NY501. The half-life of p60vsrc (8.5 h) (48, 58) was significantly shorter than that of p60c-src (25 h ). This difference in half-lives, combined with the similar synthetic rate (Fig. 2) , implies that there should be three times more p60 in NY501-infected cells than in NYN4-infected cells. Therefore, p60csrc does not transform cells even at a threefold higher level than an effective transforming dose of p60v-src.
The structures of p6Os metabolically labeled with
[32P]orthophosphate were analyzed by partial digestion with V8 protease as described previously (8) (for the expected fragments, see Fig. 1 ). All the p60s had N-terminal fragments (Vl, V3, and V4) of identical size (Fig. 4) . The V2 fragment of the p6Os of NYN4 or NY701 was a little shorter than that of the others, as expected (56) (Fig. 1) . (27, 30) . The structures of their p60s and their transforming activities are summarized in Fig. 1 . NYN4 represents Schmidt-Ruppin A strain of wild-type RSV. We isolated several independent mutant transforming viruses from stocks of the c-src-containing viruses (NYHB5 and NY501) as described above. These mutants, NYHB5-T7 and NYHB5-T9 from NYHB5 and NY501-T7 and NY501-T9 from NY501, produced high titers of focus-forming virus (106 to 107 focus-forming units per ml). The morphology of foci induced by NYHB5-T8, NY501-T7, or NY501-T9 was close to that of foci induced by wild-type RSV, whereas cells transformed by NYHB5-T9 were smaller and rounder, like cells transformed by NY701 or rASV1441 (26 transforming mutants had the same pattern of V8 fragments as did the p6Os of NYHB5 and NY501, indicating that the mutations in these viruses do not involve large deletions or insertions in src. Phosphoamino acid analysis showed that Vi and V2 fragments of all the p6Os contain phosphoserine and phosphotyrosine, respectively (data not shown), as reported previously for p60-sr" and p60c-src (10, 29) .
Tyrosine phosphorylation in total cellular protein and 34K protein. Tyrosine-specific protein kinase activity correlates with the transforming activity of p60vsr, and RSV infection causes a significant increase in the level of tyrosine phosphorylation of cellular protein (11, 29, 47) . We analyzed the level of phosphotyrosine in total protein from cells infected with the RSV variants. As reported previously (29), phosphoserine and phosphothreonine made up about 94 and 5% of the total phosphoamino acids, respectively, in all cultures. The level of phosphotyrosine varied with the virus used for infection (Table 1 ). In cells infected with NYN4, NYBB4, or NYPB5, the level was more than ninefold that of uninfected cells, as reported previously for wild-type RSV (29) . NY701 and all four mutants derived from the c-src-containing viruses induced an intermediate increase (3.5-to 6.7-fold). The percentage of phosphotyrosine in NYHB5-and NY501-infected cells was only slightly higher than that in uninfected cells. We classified the viruses into three groups according to their ability to induce tyrosine phosphorylation (Table 1) . Only the c-src-containing viruses, which showed very little increase, have no transforming activity.
We also examined the phosphorylation of the 34K protein, one of the major cellular substrates of tyrosine-specific protein kinases (12, 22, 45) . Aliquots of 32Pi-labeled cell lysates containing the same amount of radioactivity were immunoprecipitated with anti-34K antibody, and after gel electrophoresis, the radioactivity in the 34K protein band was quantitated (Table 1) protein from uninfected cells was found to be derived mainly from phosphoserine. A similar level of phosphoserine was detected in 34K protein from all cultures. The differences in total radioactivity in 34K protein (Table 1) were due to differences in the phosphotyrosine content. NYN4, NYBB4, (44) . Endogenous p60 is phosphorylated on Ser [17] , but on a different tyrosine residue (31, 52) .
We examined which residues are phosphorylated on the overproduced p6Os. Representative tryptic phosphopeptide maps of p60s of the RSV variants as well as endogenous p60 are shown in Fig. 6 . The spot resulting from Ser [17] phosphorylation is labeled 1 (18) . Spot 1 is present in maps of all the p60s. Spot 2, resulting from Tyr[416] phosphorylation, is found in the maps of all the p6Os, except for that of the endogenous p60 (Fig. 6C ) and of p60s of NY501 (Fig. 6B ) and NYHB5 (data not shown). However, this spot was faintly detectable in maps of these three p6Os on longer exposure. The maps of p60s of all other RSV variants were similar to that of NYN4 p60, showing both spots 1 and 2 (data not shown; Table 1) .
A major spot which is specific to the NY501 and endogenous p60s is labeled C (Fig. 6 ). This spot is probably the same spot identified as c-src specific in previous studies (31, 52) , and we detected this spot in the tryptic digests of the V2 fragment of the NY501 p60, which contains only phosphotyrosine (data not shown). The relative intensity of spot C was variable among independent tryptic digests ( Fig. 6B and C; unpublished data), whereas the V1/V2 ratio of 32P-labeled p60c-src (Fig. 4) is reproducibly similar between endogenous and overproduced p60csrc. Therefore we think that the variability of spot C intensity is attributable to variable recovery after trypsin digestion. Phosphorylation of p60c-src on this site and the low amount of Tyr[4161 phosphorylation are therefore unaffected by its overproduction.
We have analyzed phosphorylation of endogenous p60 in cells transformed with an RSV mutant, NY308 (17 (Fig. 7) was also analyzed (F). Protein kinase activity in the immune complex. Endogenous p60c-src has been reported to phosphorylate immunoglobulin G heavy chain in the immune complex with TBR serum (32, 38) . Hanafusa et al. confirmed this observation by using NY501 p60 (27) . However, the overproduced p60csrc does not cause significant phosphorylation on total cell protein or 34K protein in vivo (Table 1) . Since TBR sera are polyclonal, and a substrate, immunoglobulin G, binds tightly to the p60 molecule without turnover, the immunoglobulin G phosphorylation assay may not be appropriate for comparing the activity of different p6Os. The use of this assay has recently been questioned (6) . Therefore, we have assayed in vitro kinase activity by using the immune complex with monoclonal antibody 327 or 273 and casein as an exogenous substrate (35) .
Casein phosphorylation by NYHB5 or NY501 p6Ocsrc was extremely low (Fig 7; Table 2 ). Although precise quantitation was difficult because of the small amount of endogenous p60 in uninfected cells, the specific activity of NYHB5 or NY501 p60c-src appeared similar to that of endogenous p60c-src (data not shown). In contrast, casein phosphorylation was 24-to 65-fold higher with the NYN4, NYBB4, and NYPB5 p6Os and 3-to 7-fold higher with the p60s of NY701 and the transforming mutant viruses. The results are independent of the monoclonal antibody used ( Fig. 7 . The amount of lysate was normalized as described in the legend to Fig. 7 . Radioactivity in p60 and casein bands was quantitated and normalized to the radioactivity in these bands from the kinase reaction using the NY501 p60. The average of two independent experiments is shown for each monoclonal antibody.
these conditions, the phosphate transfer to casein by various p6Os proceeded almost linearly for 40 min when the reaction was stopped (data not shown). Therefore, the low level of tyrosine phosphorylation by p60c"src in vitro is not caused by instability of its kinase activity but by its low enzyme activity. The levels of casein phosphorylation by these p6Os roughly correlate with the levels of tyrosine phosphorylation of cellular protein induced by the virus infections (Table 1 ). Figure 7 also shows autophosphorylation of p6Os in the in vitro reaction. The level of autophosphorylation by each p60 was similar in the presence or absence of exogenous casein (data not shown). The tryptic maps of the in vitro phosphorylated p6Os showed that the phosphorylation site is Tyr[416], even for overproduced p60"csrc (Fig. 6F) . The level of autophosphorylation correlated with the level of casein phosphorylation with one exception: the p60 of NYHB5-T9, which was intermediate in phosphorylation of casein, had a low autophosphorylating activity (Table 2) .
Subcellular localization and myristylation of p60csrc.
p60v-src is located at the plasma membrane (see reference 33 for a review). This protein has covalently bound fatty acid (myristic acid) at its N terminus (24, 46, 49) , which appears to be essential for its association with the plasma membrane and for cell transformation (17) . Endogenous p60c"src in CEF was reported to fractionate with plasma membranes, measured by an immune complex kinase reaction (15 cells was fractionated by equilibrium centrifugation on a sucrose gradient (Fig. 8C) . The distribution pattern of p60c-src in the gradient is similar to that reported previously for p60v-src (15, 33) . The protein is found predominantly in the light-membrane fraction, which is enriched for plasma membranes (15) .
Complex formation with p90 and p50. p60vsrc is known to form a transient complex with two cellular proteins, p90 and p50, after its synthesis and before its association with the membrane. It has been suggested that the complex is involved in the transfer of p60 to the plasma membrane (3, 4, 14, 37, 39).
We studied whether various p6Os can form this complex. The phosphoproteins p90 and p50 were clearly detectable in the immunoprecipitate of NYN4 p60 labeled in vivo with 32Pi (Fig. 9) . Smaller amounts of these two proteins were also detected in the immunoprecipitates of NYBB4 and NY701 p6Os but not in immunoprecipitates of NY501 p60 or of endogenous p60csr" from a larger amount of lysate from uninfected cells. We detected p90 and p50 in immunoprecipitates of p60s of NYHB5-T8, NY501-T7, and NY501-T9 but not in immunoprecipitates of the p60 of NYHB5-T9 ( Fig. 9 ; unpublished data). The V8 maps of p90 and p50 in Fig. 9 were similar to those obtained by Oppermann et al. (37, 39) (data not shown). The protein band which migrated close to p50 in the immunoprecipitate from NY501 or NYHB5-T9 (Fig. 9 ) was found to be degraded p60. These observations on complex formation were reproducible with anti-bacterial p60 serum (25) and TBR serum. These results suggest that complex formation of p60 with p50 and p90 is not required Previous studies of RSV mutants suggested that to transform cells, a mutant p60v-src must be an active tyrosine kinase (47) associated with the plasma membrane (17; D. Pellman, E. A. Garber, F. R. Cross and H. Hanafusa, Proc. Natl. Acad. Sci. U.S.A., in press). Since p60c-src induced by NY501 or NYHB5 infection has no transforming activity, we tested the overproduced p60csrc for these properties.
Subcellular localization. Recently we have described a class of RSV mutants which have mutations near the N terminus of their p6Os, resulting in loss of myristylation and plasma membrane association. These mutant p6Os are fully active tyrosine kinases but are unable to transform cells, possibly because of the alteration in subcellular localization (17) . In contrast, we found that the NY501 p60 was indistinguishable from NYN4 p60 in myristylation and fractionation with plasma membranes.
Tyrosine-specific protein kinase activity of p6Os. To examine whether overproduced p60c`rC functions as an efficient protein kinase, we analyzed the level of phosphotyrosine of cellular protein in NYHB5-or NY501-infected cells, because the increased level after RSV infection has been attributed to the direct action of the p60 protein kinase (29) . It is possible that the elevation of phosphotyrosine by RSV infection is due instead to the alteration of activity of other tyrosine kinases or tyrosine phosphatases, either as an indirect effect of transformation or as an indirect effect of the (17) .
Our measurement of phosphotyrosine levels in total cell protein and 34K protein from cells infected with RSV variants divides these viruses into three classes (Table 1) . The nontransforming viruses, NY501 and NYHB5, showed the smallest elevation.
In addition to in vivo protein phosphorylation, we measured the phosphorylation of exogenous casein by p6Os in immunoprecipitates wih monoclonal antibodies. The results of phosphorylation on casein were essentially the same with two monoclonal antibodies. This in vitro assay system, however, might not accurately reflect the intrinsic activity of the p60s inside the cell. The reaction is carried out with the enzyme coupled to a monoclonal antibody which might differentially alter the conformation and activity of different p6Os, and the conditions for the reaction might be inappropriate with respect to the concentrations of reactants and cofactors. We tested three additional species of monoclonal antibodies, EC10, FG1, and GD11 (41), all of which can also precipitate chicken p60csrc, and altered reaction conditions (time and temperature of reaction and ATP concentration). These modifications did not significantly change the results. In these in vitro assays, we normalized the amount of lysate on the basis of p60 synthetic rate ( Fig. 7; Table 2 ) because of the difficulty in the determination of the absolute amount of p60. Therefore, the difference in protein kinase activity between p60vsrc and p60csrc (Table 2 ) may be underestimated because the absolute amount of p6oc-src is 3 times that of p60v-src (Fig. 3) .
Tyrosine phosphorylation induced in vivo by overproduction of various p6Os correlates with casein phosphorylating activity in the immune complex. Induction of tyrosine phosphorylation in vivo may therefore directly reflect p60 protein kinase activity. The low protein kinase activity of p60c-src could explain its inability to transform cells. However, it is possible that p60csr`efficiently phosphorylates a few specific cellular proteins. p6Os of transforming mutants isolated from the c-src-containing viruses. The rate of synthesis of p6Os of the four transforming mutants examined was about the same as the rate of synthesis of the NY501 and NYN4 p6Os, showing that these mutations do not increase the p60 production. Therefore, the mutations in these p6Os should alter the primary sequence, although they do not involve large deletions or insertions (Fig. 4) . We found that these viruses induced higher levels of protein phosphorylation on tyrosine residues of total cell protein, 34K protein, and Tyr[416] of p60 itself than their parental viruses and that their p60s have increased casein phosphorylating activity in vitro. Since these mutants were selected on the basis of their transforming activity, this result further suggests that a certain level of tyrosine kinase activity is essential for transformation.
Phosphorylation of p60 in vivo. A clear difference between endogenous p60c src and RSV p60v-src is the site of tyrosine phosphorylation in vivo on these molecules (31, 52 (18, 53) .
What is the function of endogenous p60? The c-src gene is transcribed at a low level in a variety of tissues (51) . Although p60csrc is reported to be present in neural tissues (13, 54) , nothing is known about its function. Our results show that its tyrosine kinase activity is quite low in CEF, even when overproduced. If the endogenous p60csrc does function as a tyrosine kinase, its activity may be regulated by other cellular proteins or cofactors. The polyoma middle T antigen has been reported to bind to p60csrc (16) and to activate its kinase activity (1). The observation that p60c-src can show significant TBR heavy-chain phosphorylation with some lots of TBR serum might reflect a similar activation by the binding of the antibody to some epitope of p60`src (27) . Other cellular tyrosine kinases, such as the receptors for epidermal growth factor, insulin, and platelet-derived growth factor, are regulated by the binding of growth factors (see reference 28 for review). The v-erbB gene of avian erythroblastosis virus is derived from the gene for the epidermal growth factor receptor (21) , and the erbB protein shows homology with the tyrosine kinase portion of p6Osrc (57) . However, the portion of the epidermal growth factor receptor which binds epidermal growth factor and regulates its tyrosine kinase activity is apparently lacking in the erbB protein. In the case of another proto-oncogene, c-abl, which has nondetectable tyrosine kinase activity, fusions with other proteins near its N terminus by viral transduction or chromosomal translocation were reported to activate its tyrosine kinase activity (20) . Perhaps p60csrc is analogous to the epidermal growth factor receptor (c-erbB) or c-abl in that the protein kinase activity is tightly suppressed. p60v-src can be interpreted as an unregulated version of a normally regulated cellular tyrosine kinase. What cellular factor, if any, can activate the tyrosine kinase activity of p60c-src is an important unsolved question, the answer to which might shed light on the function of endogenous p60csrc.
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